Introduction 21
The modern approach to chemical process safety is to apply risk management systems theory. 22
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3 them to an "as low as reasonably practicable" (ALARP) level, while balancing other business 24 objectives (CCPS, 2009 ). In general, the risk reduction policy, whether directed toward reducing 25 the occurrence or the severity of potential accidents, falls into one of the inherent, passive, 26 active, and procedural categories. The ideal way of dealing with a hazard is to remove it 27 completely if possible. This principle has been incorporated in the systematic application of 28 inherent safety (Mannan, 2013) . The provision of the means to control the risk associated with a 29 hazard is very much the second best solution. 30
There are four basic principles to design an inherently safer process (Kletz, 1991) An inherently safer design (ISD) can either reduce the magnitude of a potential incident, or make 37 the occurrence of the accident highly unlikely, or perhaps impossible. Consequently, a process 38 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The case of a refrigeration cycle. Process Safety and Environmental Protection, 2016, 104 (Part A), 254-267.
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They applied consequence modeling and "Probit" function for assessing the costs of the 161 accidents. However, they didn't consider the probability of the accidents. To assess the risk of 162 any accident scenario, it is necessary that the probability of that event and associated 163 consequences be quantified (Javidi et al., 2015) . 164
Due to the uncertain nature of accidents, incorporation of accidents costs directly in optimization 165 problems do not necessarily represent the real risk level. The implication is that ISD concepts 166
should be based on a probabilistic approach. Even if the accident risks are fully quantified by a 167 cost function, the probabilistic nature of the frequency and the intensity of the potential accidents 168 makes the economic function highly uncertain. Therefore, in order to underpin a design solution 169 which is inherently safer and economically optimum, the optimization program should minimize 170 risk levels and plant costs simultaneously. In the present research, multi-objective optimization 171 programming is applied in order to quantify the trade-off between the production economy and 172 the costs of accidents. The solution of a multi-objective optimization is not unique but a set of 173 solutions that form a Pareto front. At one extreme, more weight is given to the economic 174 objective. Here, the risks of potential accidents are assumed to be relatively low. On the other 175 extreme, the safety objective is dominant and the risk of accidents is considered to be likely in 176 order to achieve an inherently safer design. Such a Pareto front can quantify the trade-off 177 between the costs of inherently safe design strategies and process profitability and enable 178 decision-maker to underpin a practical compromise. 179
In this paper, a multi-objective optimization (MOO) framework is proposed to optimize 180 simultaneously inherent safety level and plant economic. The applicability of the framework is 181
shown using a case study. To evaluate inherent safety level probabilistic risk analysis is 182 considered which combines accidents costs with the likelihood of accidents occurrence. The 183 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The case of a refrigeration cycle. Process Safety and Environmental Protection, 2016, 104 (Part A), 254-267. 10 inherent safety strategies are incorporated into the optimization algorithm by considering 184 decision parameters associated with each strategy. The novelties of the present study in 185 comparison to the previous research (Eini et al., 2015) The outline of the paper is as follows. The present section explored the research background and 204 justified the necessity of the research. Section two discusses the research methodology and 205 presents the formulation of the multi-objective optimization (MOO). In Section three, the case 206 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: To Design a process it is required to consider and to compare all feasible alternatives. These 212 alternatives may differ either in their structure, or operation, or both. Different structural and 213 operational decision variables result in different design alternatives. The final selected design 214 scheme should be economically feasible and be consistent with environmental regulations. 215
Nevertheless, the safety level of a design should be of high standards. Considering risk 216 management strategies in the process design provides the opportunity to enhance the process 217 reliability and reduces the losses associated with potential accidents. Therefore, the aim of the 218 present research is to propose a computational algorithm in which inherent safety criteria are 219 systematically considered in the early design stages. variables. The fitness of the candidate solution is benchmarked against economic and safety 224 criteria. The output of the MOO algorithm is a set of optimal solutions that forms a Pareto front. 225
Finally, using decision-making tools a single solution that established the trade-off between 226 competing objectives is selected as the optimal design. The details of each of these three 227 calculation steps are discussed in the following. 228 229 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The case of a refrigeration cycle. Process Safety and Environmental Protection, 2016, 104 (Part A), 254-267.
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Figure 1 -The general algorithm to select an inherently safer and economically optimal design using multi-objective approach 231 232 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The case of a refrigeration cycle. Process Safety and Environmental Protection, 2016, 104 (Part A), 254-267.
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Superstructure construction and objective function evaluation 233
The ideal treatment for potential hazards in the first place is to completely remove them. 234
However, there is often a very low chance to make a process absolutely "safe" and the goal of 235 safe process design is to find a configuration that is rather inherently "safer" and more reliable 236 compared to other alternatives. Therefore, the provision of means to control the risk associated 237 with a hazard is very much the second best solution (Mannan, 2013) . Inherent safety strategies 238 reduce or permanently eliminate the hazards and guarantee lower risk levels by changing the 239 nature of the process. In order to make a process inherently safe, it is necessary to generate 240 alternative solutions systematically. Afterward, the solutions should be screened based on the 241 desired performance criteria. In the following subsection, the required methods for superstructure 242 construction and evaluation of the objective functions are discussed. 243
Superstructure construction 244
To take into account all feasible options, a superstructure should be created which embeds all 245 alternative process configurations, processing technologies and their feasible interconnections 246 (Smith, 2005) . Such a superstructure should also include various strategies for enhancing the 247 inherent safety of the process, including substitution, simplification, and minimization, 248 The general algorithm to select an inherently safer and economically optimal design (ISEOD) 257 using multi-objective approach is shown in Figure 1 . 258
Objective functions 259
The two objective functions that should be considered in order to develop an ISEOD are inherent 260 safety measure as well as an economic objective. The economic objectives can be expressed 261 using one of the common methods: total annualized cost, capitalized cost, net present value, and 262 so on. In addition, layout optimization considering land cost as well as safe distances between 263 plant elements may be required. Besides, in order to measure the inherent safety level of a 264 process plant, risk level calculated using quantitative risk assessment (QRA) can be utilized. When the accident scenarios are selected, the second stage of QRA procedure is scenarios 276 frequency estimation. A method for estimating the accident frequencies is event tree analysis 277 (ETA) (Casal, 2008 explosion (BLEVE). Two ways can be applied in order to estimate the frequency of an initial 282 event. They are fault tree analysis (FTA) or using failure frequency databanks (Casal, 2008) . First, source modeling is performed that provides discharge rate and the total discharged volume 291 over a time horizon. Dispersion modeling is subsequently used in order to describe how the 292 hazardous material is dispersed to certain concentration levels. Then, fire and explosion models 293 convert the dispersion model information into hazard potentials such as thermal radiation and 294 blast overpressure. Consequently, using appropriate effect modeling, the number of individuals 295 affected and the property damage can be calculated. Finally, using of individuals affected and the 296 property damage, and associated costs, the total imposed costs of any accident scenario can be 297
obtained. 298 (iv) Risk level calculation: 299
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The final stage of the QRA is risk level calculation. The general expression to calculate the risk 300 level associated with an accident scenario ( ) imposed to a risk receptor can be shown as 301 follows (CCPS, 2000) . 302
Where refers to the accident scenario, is the scenario frequency, is the scenario 303 consequence, and ( , ) represents the risk receptor location. 304
Based on Equation (1), the risk level associated with all scenarios in the ( , ) location can be 305 represented as Equation (2). 306
Finally, the risk level imposed to all risk receptors can be calculated using Equation (3). 307
Multi-objective optimization procedure 308
Simultaneous consideration of process economy and the level of inherent safety using 309 mathematical programming conforms to multi-objective optimization. A multi-objective 310 optimization program consisted of several competing objectives as follows: 311
Here, the instances of the economic objectives are the capital investment required for purchasing 312 process equipment, operating costs, raw material costs. Often capital and operating costs are 313 aggregated based on the plant lifespan for example in terms of total annualized costs. The 314 quantification of the level of inherent process safety was discussed in subsection 2.1.2. In the 315 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The case of a refrigeration cycle. Process Safety and Environmental Protection, 2016, 104 (Part A), 254-267.
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Optimization problem (Equation (4)), x is a vector of decision variables. Examples of decision 316 variables include process configuration, equipment design, process inventory, and process 317 operating conditions. The decision variable can be decided within a range of feasible candidates 318 S⊂R n which include alternative process configurations, practical size of equipment, and the safe 319 operating conditions. 320
In multi-objective optimization problems, the optimal solution is not unique, but compromises a 321
Pareto front or Pareto set. 
II) 348
In this study, NSGA-II algorithm which was introduced by Deb (Deb, 2005 
359
In an evolutionary cycle of NSGA-II, initially, a random parent population is generated. The 360 population is sorted based on the non-domination procedure (rank and crowding distance). 361
Parent selection for crossover and mutation operation is performed based on the tournament 362 selection. In the next step, crossover and mutation are used to generate the child populations. 363
Then all previous and current population members are integrated together to create a combined 364 population, then the population is sorted according to non-domination. Since all previous and 365 current population members are included in combined population, the elitism is insured. It means 366 that solutions with better fitness are chosen by elitist sorting and these become the parent 367 individuals. These steps are repeated until the maximum generation number is reached and 368
Pareto front developed. 
21
All of the point on the Pareto front can be a candidate for the optimal solution. Therefore, to 370 select a single point on the Pareto front, a decision-making tool is needed. Subsection 2.3 371 presents the basic concepts of two well-known decision-making methodologies. 372 373
2.3.Decision-making on multi-objective optimization 374
In multi-objective optimization problems, all the points on the Pareto set are optimal solution 375 with different weights to various objective values. However, in the practical point of view, only 376 one optimal solution should be chosen. In this paper most well-known and the common type of 377 decision-making processes including the LINMAP and TOPSIS methods are applied in parallel 378 in order to specify the final optimal solution. TOPSIS estimates the alternatives adoptability 379 according to their distance with the ideal and the non-ideal points. Meanwhile, LINMAP method 380 follows the nearest alternative to the ideal point. The following sections are presented here in 381 order to describe these decision-making algorithms. 382
LINMAP decision-making (Linear Programming Technique for Multidimensional 383
Analysis of Preference) (Yu, 2013) 384
The distance of every solution on the Pareto front from the ideal solution marked by di+ is 385 defined as: 386
Where F j ideal is the ideal solution of the jth objective in a single-objective optimization. In the 387 LINMAP decision-making, the solution with minimum distance from the ideal point is selected 388 as a final desired optimal solution. 389 Besides the ideal solution, the non-ideal solution is considered in TOPSIS decision-making. 392
Therefore, besides the distance of each solution from ideal solution di+, the distance of each 393 solution from the non-ideal solution denoted di-is implemented as a criterion for the selection of 394 final optimal solution: 395
A new assessment parameter is defined as follows: 396
In TOPSIS decision-making, a solution with maximum Yi is selected as a desired final solution. 397
In order to explore the reasonable status of various solutions obtained using above-mentioned 398 tools, the deviation index of each solution from the ideal solution is calculated as Equation (8). 399 In the present study, the case of a pre-cooling natural gas using single refrigerant propane cycle 409 is considered, (Manning and Thompson, 1991) . Figure 4 shows the process flow diagram. The 410 cycle consists of two compressions stages and aims at cooling dry natural gas down to −13. 
413
The optimal operating pressure of the flash drum in the propane refrigeration cycle can be 414 estimated as following (Manning and Thompson, 1991) : 415
Where: P econ = optimum drum operating pressure, kPa P ch = chiller (evaporator)pressure, kPa P cond = condenser pressure, kPa
For the cycle under study, cooling water (entering and leaving the condenser at 25 • C and 30 • C, 416 respectively) is used as the coolant in the condenser. A typical approach temperature of 5
• C is 417 used for both the condenser and the evaporator (Smith, 2005 pressure of propane in these temperature levels is 1234 kPa for the condenser and 260 kPa for 420 the evaporator. Using Equation (9) the optimal operating pressure of the drum is equal to 676 421 kPa. 422
The cycle with above-mentioned specification is considered as a base-case in this paper. The 423 optimum pressure calculated by Equation (9) may not be the optimal value if one considers both 424 economic and safety aspects. Therefore, drum operating pressure is one of the decision variables. 425
One of the principal ways to make a process inherently safer is to limit the inventory of 426 hazardous material. It is better to have only a small inventory of hazardous material rather than a 427 large one which needs highly engineered safety systems. Thus, according to the minimization 428 strategy of inherent safety, the number of parallel paths (NPPs) of pressure drop, shown in 429 
Risk analysis 446
The failures of vessels and columns account for 21% of accidents in refineries, (CCPS 2003) . 447
Since in the present case study ( Figure 5 ) the largest material inventory is located in the flash 448 drums, this paper focuses on the drum(s) as hazard source(s). 449
In the present research, it is assumed that the phenomena of boiling liquid expanding vapor 450 explosion (BLEVE) occurs during the accident, in which a sudden loss of containment of a 451 pressure vessel (containing a superheated liquid or liquefied gas) occurs due to the explosion. 452
The release of hazardous material is assumed to be followed by a fireball that consumes all of the 453 released material. Since the propane refrigerant is a flammable material, the consequence of the 454 combustion of the entire contents of hazardous materials in the release point is worse than any 455 dispersion scenario. Therefore, a design based on BLEVE is more conservative than any other 456 scenario and is in fact, the worst-case scenario. Consequences of this type of accidents can be 457 very severe, especially in areas close to the release point (CCPS, 2000). It should be noted that 458 for the case of toxic materials (e.g., ammonia, or chlorine), the dispersion may represent more 459 hazard and need to be fully modeled. 460
In this study, different potential damage receptors were supposed: 461  80 operators in the surrounding area (in 130m radius). 
27
The meteorological data of the region in the present study comprising temperature, humidity, 465 atmospheric stability class, and wind velocity, are very important to consequence modeling and 466 for QRA procedure (Table 1) . 467 
476
According to the BEVI guide (2009), for the medium size instantaneous spill, the probability of 477 BLEVE/fireball is 50% among all outcomes. This probability is calculated by the product of the 478 probability of immediate ignition rather than non-immediate ignition and probability of 479 BLEVE/fireball rather that explosion. Therefore, the frequency of a BLEVE/fireball outcome 480 can be calculated using Equation (10) (Casal, 2008) , which is used in order to 494 quantify the severity of overpressure conditions produced under boiling liquid expanding vapor 495 explosion (BLEVE) conditions. The potential for fire damage is quantified in terms of fireball 496 duration and thermal radiation, using the source point method (Casal, 2008) . Then, the Probit 497 analysis is applied in order to relate the overpressure and fire effects , to the probability of 498 damages for any of the above mentioned vulnerable elements in specified distances. Therefore, 499 the outdoor fatality and injuries due to overpressure and thermal radiation, as well as the 500 damages to buildings (either collapse or major structural damage) due to overpressure, are 501 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The case of a refrigeration cycle. Process Safety and Environmental Protection, 2016, 104 (Part A), 254-267. 29 calculated using appropriate Probit models. Finally, by using the following items, the total 502 accident costs can be estimated: 503 The building cost has been considered to be 100% of the cost of the building in the case of 508 collapse and 70% for major structural damage (Medina et al., 2009) . 509
Finally, the total cost of the accident (C total ) can be calculated summing the cost imposed to each 510 vulnerable element. In other words, the accident cost is expressed as Equation (11): 511
+( * 70 % ℎ ) Table 3 shows the cost data that have been used in the consequence modeling. 512 Cost of an injury 160, 000
Cost of one building 100,000 514
Risk level calculation: 515
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the general equation that determines the risk should be expanded to consider all of the scenario 518 combinations to obtain the realistic results. 519
The risk associated with the simultaneous explosion of "nf" drums in terms of its probability and 520 financial consequence can be calculated as: 521
In the above equation, C total is the total cost of the accident and P nf is the probability of 522 occurrence of this accident as an independent event (Equation (13)). 523
The number of accident combinations that can occur when nf units suffer an occurrence out of 524 "n" (the total number of drums in the cycle) is calculated as the Equation (14): 525
Finally, overall risk (Roverall, as the second objective function to be optimized) can be expressed 526 as Equation (15): 527
Economic Objective function 529
As mentioned earlier, the refrigeration cycle shown in Figure 5 includes four major elements: (i) 530 compressor, (ii) condenser, (iii) evaporator, and (iv) flash drum. Consequently, the costs 531 associated with these elements are as follows: 532  Purchasing cost and energy cost of the compressors. 533  Purchasing cost and energy cost of the condenser. 534 costs included the instrumentation and piping as well as land-use costs. Instrumentation cost was 539 estimated to be 10 percent of the total plant investment cost (Perry, 1950) . The piping cost was 540 considered to be 86.3 $/m (Han et al., 2013) . The land-use cost depends on the plant location and 541 may vary case by case. In this paper, the value of 100 $/m 2 was considered. 542
The total annualized cost (TAC) was considered as the economic objective function. The TAC 543 includes the capital costs of procurement and the installation of process equipment and costs 544 associated with the operation of the refrigeration cycle. 545
For this purpose, the investment cost (such as the purchasing cost of the equipment and land 546 cost) should be annualized using capital recovery factor (CRF) (Peters et al., 2003) . In this paper, 547 the annual interest rate and the plant life time are considered as 18% and 15 years respectively. 548
In the present study, the number of parallel paths (NPP) was being optimized which affects the 549 required land area. For a plant consisting of m×n flash drum (NPP = m×n), the layout is shown 550 in Figure 6 . Here, "a" and "b" are the length and the width of the plant, respectively. The 551 parameter "d" as shown in this figure is the safe distance between two flash drums. This 552 parameter is determined using consequence modeling and is based on the maximum heat flux 553 that reaches the nearby vessels through radiation upon the evaporation of the total material 554 inventory and fire accident. According to General Specification for safety GS 253 (TOTAL, 555 2012), the radiation level of 9.5 kW/m 2 can be considered conservatively. Therefore, for the case 556 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The case of a refrigeration cycle. Process Safety and Environmental Protection, 2016, 104 (Part A), 254-267. 32 study in this paper, a fire (flash fire) consequence modeling was performed in order to determine 557 the safe distances of the flash drums (Casal, 2008) . 558 559 
560
The layout optimization involves two additional decision-variables, "a and "b". The area of the 561 layout is calculated by multiplying a and b, (Equation (17)). This area needs to be larger than the 562 summation of flash drum safe areas (Equation (18)). The required cost of piping was assumed to 563 be proportional to the total perimeter. 564
In conclusion, the economic objective function (the annualized cost of the plant) can be 565 presented as follows: 566 The proposed multi-objective optimization problem including economic and safety measures was 583 optimized using the NSGA-II procedure. In this regard, flash drum operating pressure ("P"), the 584 number of parallel paths ("NPPs"), the length of the plant layout ("a"), and the width of the plant 585 ("b") with corresponding constraints expressed in Equations (21) were considered as the decision 586 variables. In order to define the optimum design variables, the multi-objective optimization 587 problem can be formulated as follows: 588 multi-objective optimization problem might be different, in order to facilitate the optimization 600 procedure, the dimension and scales of the objective functions were normalized. To do so, the 601 method of Euclidian was applied (Farsi and Shahhosseini, 2015) . In this method, the matrix of 602 objectives at various points of the Pareto front is denoted by F ij where i is the index for each 603 point on the Pareto front and j is the index for each objective in the objectives space. Therefore a 604 non-dimensionalized objective F ij n is defined as: 605
Therefore, all non-dominated optimal solutions are plotted in non-dimensional form in Figure 8 . 
37
The Pareto front in Figure 7 shows that the lowest risk level is at design point B (0.0727 US 612 $/yr), while the TAC has its highest value at this point (23.2×10 6 US $/yr). On the other 613 extreme, the lowest TAC is at design point A (11.5×10 6 US $/yr) while the risk level has its 614 highest value at this point (21.621 US $/yr). 615
The values of decision variables are shown in Figure 7 for some of the points on the Pareto front 616 in order to clarify the trend of the Pareto front with respect to the decision variables. 617
If only the TAC was considered as the objective function (single-objective optimization), the 618 design point A (Figure 7 ), would be chosen as the optimal solution point of the system, while the 619 design point B (Figure 7) , indicates the optimum system performance considering the risk level 620 as the objective function. In Figure 8 , the ideal point is the point at which each single objective 621 has its optimum value regardless of satisfaction of other objectives (Points A and B, as discussed 622 earlier). In contrast, the non-ideal point is the point at which each objective has its worst value. 623
In Figure 8 , the final optimal solution selected by LINMAP and TOPSIS decision-makings is 624 indicated. The results are an ideal solution and also a non-ideal solution. 625 Table 5 lists the final optimal results of multi-objective optimization and single-objective 626 optimization in detail. In order to quantify the fitness of various solutions, the deviation index of 627 each solution from the ideal solution is also calculated and reported. The fifth column of Table 5  628 represents the deviation indexes for the results in each optimization approach. As is clear, the 629 deviation indexes (0.0055 and 0.0055) for the multi-objective optimization are less than those 630 for minimum Cost and maximum Risk which are 0.9820 and 0.018, respectively. Therefore, the 631 final optimal solution selected by both of TOPSIS and LINMAP decision-making methods 632 which show the minimum deviation index from ideal solution in multi-objective optimization is 633 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The value of optimization variables for the base case design (Figure 4 ), P=676 kPa, NPP=1), the 639 solution reported by Eini et al. (2015) (P= 600kPa, NPP= 11), and the optimum solution found in 640 this study (P= 350 kPa, NPP= 6) are shown in Table 6 . Table 6 suggests that, in comparison to 641 the base-case, for 19 percent increase in the TAC, it is possible to increase the level of process 642 safety by 1 order of magnitude. With respect to the previous results by Eini et al. (2015) , the new 643 solution is much more realistic as the number of parallel paths is almost halved (i.e., less 644 complexity) but the associated risk is only increased by 17%, In addition, the new solution 645 considers the costs of land-use, piping, and instrumentation that were ignored in the previous 646 study. 647 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The case of a refrigeration cycle. Process Safety and Environmental Protection, 2016, 104 (Part A), 254-267. 
Conclusion 651
In this paper, a general framework to design inherently safer processes is developed. In the 652 proposed framework, the two competing and conflicting objectives of process economy and 653 inherent safety are considered simultaneously. The new algorithm is developed in order to 654 consider the level of process inherent safety based on the frequency and the consequence of 655 potential accidents. The solution of the multi-objective optimization (MOO) forms a Pareto front 656 which quantifies the trade-off between competing objectives and enables the decision-makers to 657 choose the optimal design based on the satisfaction of the objectives. 658
The proposed optimization framework was implemented for the case of a simple refrigeration 659 cycle. The objective functions used in the case study were the plant risk level as well as the plant 660 total annualized costs. Furthermore, a layout optimization was implemented in order to consider, 661 the costs of instrumentation, piping, and land-use. NSGA II was utilized as the MOO algorithm 662 in order to produce the Pareto front. Two well-known and common types of decision-making 663 techniques (LINMAP and TOPSIS) were applied in order to specify the final optimal solution. 664
The results of multi-objective optimization problem suggested that for about 19 percent increase 665 in the total annualized costs, it is possible to decrease the risk level by one order of magnitude in 666 Saeed Eini, Hamid Reza Shahhosseini, Majid Javidi, Mahdi Sharifzadeh, Davood Rashtchian. Inherently safe and economically optimal design using multi-objective optimization: The case of a refrigeration cycle. Process Safety and Environmental Protection, 2016, 104 (Part A), 254-267.
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comparison with the base-case. While the demonstrating example of the refrigeration cycle 667 provides the proof of concept, the results are deemed to be general and extendable to other 668 industrial processes. 669
The dynamic behavior of a process strongly depends on its design. Therefore, the decision-670 making domains of process and control engineers overlap (Sharifzadeh and Thornhill, 2012, 671 2013; Sharifzadeh, 2013a Sharifzadeh, , 2013b ). Moreover, it should be noted that accidents have a dynamic 672 nature. Therefore, the inherent safety level of a process should be assessed not only in the steady 673 state condition but also in dynamic mode and the future researches should address the dynamic 674 aspects of ISD strategies. Furthermore, there is a strong interaction between involved materials 675 and process inherent safety (Ten et al., 2015) . Therefore, there are great opportunities for 676 integrating ISD concepts during product design stage using computer-aided molecular design 677 
